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Abstract

Certain extraterrestrial environments like ocean worlds and icy satellites, are

promising astrobiological places that can host a plethora of organic compounds trapped in

their ices. The vapor pressure curves derived from theoretical calculations and

experimental measurements aid in the construction of phase diagrams, which can help us

better understand the behavior of organic molecules under the extraterrestrial conditions

that aren’t found on Earth. In this work, a novel method was developed to measure vapor

pressures at low temperatures (-160 ºC to -50 ºC) using cost-effective instrumentation.

Following the development of the approach, vapor pressure of n-pentane was measured at

temperatures ranging from -160 ºC to -50 ºC. Very few experimental measurements exist

for n-pentane and for many other organics, especially at low temperatures. Vapor pressure

measurements from the novel experimental procedure were difficult to compare to

theoretical n-pentane phase diagrams; but, were comparable to past experimental

measurements for n-pentane. The calculated enthalpy of fusion value from experimental

run 1 was almost one order of magnitude lower as compared to literature value. The

calculated enthalpy of vaporization value from experimental run 1 was about one and half

orders of magnitude lower than the literature value. The development of this approach to

measure vapor pressures at low temperatures is a first step to design a system that can be

used for organic liquids samples (like n-pentane) using cost-effective equipment. It also

has the potential to be further modified and enhanced to also measure vapor pressure of

gaseous organics at low temperatures.
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Introduction

The solar system houses many celestial bodies, like ocean worlds and icy

satellites of the giant planets, that have tremendous amounts of ices. The ices are not

always water ice, depending on the environmental conditions, and can sometimes contain

trapped organics (Schmitt et al., 1998; Fray and Schmitt, 2009). Our solar system has

~12-14 identified potential ocean worlds and more might be present (Lunine, 2017). Out

of these, Saturn’s largest moon, Titan, is the only other place in our solar system that is

known to mirror an early-Earth nitrogen dense atmosphere while currently housing stable

liquid lakes on its surface. The low surface temperatures ranging from 90-94 K allow for

liquid methane on Titan to mirror the role of water on Earth, forming rain, clouds, river

channels, and surface lakes (Hörst, 2017). Solar photons and other energetic particles

dissociate the nitrogen (N2) and methane (CH4) in Titan’s atmosphere, giving rise to

complex organic chemistry that creates a unique connection between the atmosphere and

surface. These organics can remain in the atmosphere or further react to form large

molecules that condense into aerosol particles, forming the haze layer of Titan’s

atmosphere (Hörst, 2017; Cable et al., 2012). The deposition of these organic aerosols

leads to a surface that is rich with organic compounds (Janssen et al., 2016; Coustenis,

1997; Griffith et al., 2003), with the potential of some getting trapped in the ice

(Thompson and Sagan, 1992; Artemieva and Lunine, 2003). Titan has a rich inventory of

simple, complex, and volatile organic compounds that have been studied by laboratory

experiments, simulations, and past missions (e.g., Raulin and Owen, 2003; Cable et al.,

2012; Niemann et al., 2010).
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Titan Atmospheric and Surface Chemistry

Titan has one of the most complex atmospheric chemistry systems in the solar

system. Titan’s atmosphere mainly consists of nitrogen (N2) and methane (CH4) and due

to its vast distance from the Sun, only receives about 1% of the solar flux that reaches

Earth (Hörst, 2017). The thick atmosphere only allows for 10% of the incident solar flux

to reach the surface (Griffith et al, 2012; Read et al., 2015), barring it from being a

significant energy source on the surface. Solar EUV (Extreme Ultraviolet Radiation) and

UV (Ultraviolet) photons along with other energy sources like energetic particles from

Saturn’s magnetosphere, metallic ions produced by micrometeorite ablation, and galactic

cosmic rays (GCRs) (Lunine and Hörst, 2011; Sittler Jr. et al., 2020), dissociate and

ionize N2 and CH4, commencing chemical reactions that irreversibly destruct CH4,

forming hydrogen (H2) and a plethora of other complex organic molecules in the

atmosphere (Figure 1). Some of these organics include hydrocarbons like ethane,

ethylene, acetylene, diacetylene, propane, propene, propyne, benzene, methylacetylene,

and propadiene and nitriles like hydrogen cyanide, acrylonitrile, and cyanoacetylene

(Raulin and Owen, 2003; Niemann et al., 2010; Cable et al., 2012; Vuitton et al, 2014;

Hörst, 2017). Some of these molecules are also known precursors of stable biomolecules

that are incorporated by life as we know it (e.g. Oró, 1961; Sanchez et al., 1966), making

Titan a prime body of astrobiological interest.
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Figure 1: Titan’s atmospheric chemistry (ESA)

Titan’s surface has diverse environments including lakes, mountains, and dunes.

The surface has been shaped by aeolian and fluvial processes (Hörst, 2017). Aeolian

refers to processes relating to or arising from the winds and fluvial refers to processes

relating to or arising from the river flows. Some of the heavier complex organics formed

in the atmosphere through energy-driven photolysis of N2 and CH4, eventually deposit on

the surface; hence, the unique connection between atmospheric and surface chemistry on

Titan (Figure 2). Titan has a bulk density of ~1.88 g/cm3 (Jacobsen et al., 2006) with

water ice making up a large fraction of Titan’s mass and likely comprising surface

material as well (Hörst, 2017). Given the cold conditions of Titan, liquid water is scarce,
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but can become available at sites of impact craters. Heat generated during a meteorite

impact on Titan can make liquid water available in that vicinity that can last for

thousands of years (Thompson and Sagan, 1992). The deposition of complex chemical

inventory from the atmosphere to the surface can potentially result in these organics to

come in contact with liquid water, where it is available, and become trapped as the liquid

water freezes (Thompson and Sagan, 1992; Artemieva and Lunine, 2003).

Figure 2: How different organic compounds from the atmosphere come into contact with the
surface features on Titan (ESA)

Trapped Organics on Titan

While trapped organics in astrophysical ices have been studied (Fray and Schmitt,

2009; Lide, 2006), there are gaps that have yet to be filled. Fray and Schmitt (2009)

calculated vapor pressure with accurate thermodynamic formulae from the triple point

down to relatively low temperatures for 27 different species, including some molecules

expected to be present on Titan’s surface. The vapor pressure curves (ex. Figure 3) can be
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used to predict phase diagrams for organics under cold conditions unlike Earth’s

environment. Phase diagrams (ex. Figure 4) track the pressure and temperature conditions

at which the distinct thermodynamic phases (solid, liquid, and gas) occur and coexist

when in equilibrium. This data can be used to better understand the behavior of organic

compounds under the environmental conditions of extraterrestrial worlds. However, even

with Fray and Schmitt’s (2009) robust study that proposed empirical or theoretical vapor

pressure relations that are valid over a large range of temperatures, many molecules still

remain to be experimentally or theoretically studied over the desired temperature ranges

for Titan’s atmosphere and surface (80 - 185 K) (Achterberg et al., 2011; Vinatier et al.,

2015; Hörst, 2017).

Figure 3: Vapor Pressure relation of water (Fray and Schmitt, 2009)
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Figure 4: Phase diagram of water (OpenStax Chemistry)

Preliminary Phase Diagrams for Titan’s Surface Molecules

Over summer 2021, the phase diagrams of expected organics on Titan’s surface

were theoretically modeled using the Clausius-Clapeyron relationship. The studied

molecules included: methane, ethane, ethene, acetylene, propane, propene, propyne,

butane, isobutane, pentane, isopentane, benzene, toluene, hydrogen cyanide,

cyanoacetylene, acetonitrile, formaldehyde, carbon dioxide, and water (Madan et al.,

2022). Titan likely houses this inventory of volatile organics as studied and measured by

lab experiments, simulations, and past missions (Raulin and Owen, 2003; Niemann et al.,

2010; Cable et al., 2012; Vuitton et al, 2014; Hörst, 2017). Using fundamental constants

in literature for the aforementioned compounds and the Clausius-Clapeyron relationship,

theoretical phase diagrams were constructed that are relevant for environmental

conditions on Titan’s surface. The fundamental constants necessary for calculations
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included solid density, liquid density, molar mass, enthalpies of vaporization, fusion, and

sublimation, triple point (temperature and pressure), and critical point temperature.

Though it is essential to recognize that these fundamental constants are usually calculated

or measured with an array of simulations and experimental setups that only account for

Earth-like pressure and temperature conditions. Therefore, the constructed phase

diagrams serve as a preliminary estimation of the physical properties of the compounds in

other environments, highlighting the need for subsequent experimental vapor pressure

measurements at low temperature (-160 ºC to -50 ºC) ranges. This thesis work serves as

an extension of the research from summer 2021 to develop a novel approach to

experimentally measure vapor pressure of organics at low temperatures.

The motivation for summer 2021 work and the thesis experiment stemmed from

the necessity to understand the behavior of organic molecules on Titan’s surface as they

would go through the sample collection process on the Dragonfly rotorcraft. As part of

NASA’s New Frontiers Program, Dragonfly is a rotorcraft lander mission that is designed

to study Titan’s prebiotic chemistry at various locations on the Titan surface (Barnes et

al., 2021). The rotorcraft will be equipped with a sophisticated scientific payload to

identify chemical components and processes with the potential for the production of

biologically relevant compounds, and to search for possible biosignatures. Dragonfly’s

Mass Spectrometer (DraMS) is a linear ion trap mass spectrometer that will measure the

molecular composition of acquired surface samples (Grubisic et al., 2021). DraMS works

in conjunction with the Drill for Acquisition of Complex Organics (DrACO) system that

acquires and delivers solid samples for analysis. During the collection and transport
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process, the sample goes under a series of steps that involve temperature and pressure

changes which can affect the physical behavior of some compounds.

The precise knowledge of vapor pressure of organic compounds at relevant

temperature ranges is crucial to understanding the behavior of volatile compounds as they

might experience temperature and pressure changes in their environment. More

specifically, in situ analysis using the scientific payload of a spacecraft may include

temperature and pressure fluctuations [e.g. Perseverance Rover (Moeller et al., 2020);

Dragonfly Rotorcraft (Grubisic et al., 2021)] that can potentially induce phase changes

for molecules in the sample, thus affecting sample analysis. Given the likely presence of

trapped organics in ices on ocean worlds like Titan (Lunine and Hörst, 2011) and the lack

of low temperature experimental measurements for these molecules (Fray and Schmitt,

2009), it is essential to cover a larger range of vapor pressure measurements. As we enter

a new era of space exploration missions where we hope to conduct increased in situ

analyses, it is important to fill the gaps in our current literature for vapor pressure

relations. In this work, a novel method was developed to measure vapor pressures at low

temperatures (-160 ºC to -50 ºC) using cost-effective instrumentation. Following the

development of this approach, vapor pressure of n-pentane was experimentally measured

to build on the existing measurements by covering a larger range of low temperatures.

Why Pentane?

Following the theoretical construction of phase diagrams over summer 2021 and

proceeding to experimental measurements, specific molecules needed to be targeted for

experimentation. Ideally, the potential molecules should have been chosen in order of

importance or expected abundance on Titan’s surface. However, given the development
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of the novel approach using only cost-effective instrumentation, the list was condensed

and a series of eliminations were performed based on the compounds’ melting and

boiling points (see Table 1). Gaseous compounds at room temperature and pressure

(methane, ethane, ethene, acetylene, propane, propene, propyne, butane, isobutane,

formaldehyde, and carbon dioxide) were eliminated. This elimination was necessary due

to the challenges regarding sample insertion of a gaseous compound into our current

setup with the sealed round-bottom flask. Compounds that would initially be liquid at

room temperature and stay indefinitely solidified after entering the cold round-bottom

flask were eliminated (benzene, toluene, hydrogen cyanide, acetonitrile, and water). In

addition, some of the eliminated compounds require proper precautions and preparations

due to their volatile nature and potentially dangerous for the experimental apparatus and

health and safety of the researchers. Some of these molecules (ex. Acetylene, propene,

propyne, hydrogen cyanide, acetonitrile) are also not usually available at undergraduate

institutions. After the elimination process, experimentation began with pentane, which is

liquid around room temperature and doesn’t densely solidify or remain solidified after

entering the flask and during the experiment. Due to the availability of n-pentane at

Wheaton College MA, n-pentane was used for the experimental runs.
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Table 1: Initial List of studied compounds from summer 2021, their respective melting and boiling
points, their expected state prior to sample insertion, and expected state after insertion in the
flask. The melting and boiling points are under the constraint of standard pressure (1 atm).

Compound Melting
Point (ºC)

Boiling
Point (ºC)

Expected State
prior to insertion

Expected State after
insertion

(T = -130 ºC)

Methane (CH4) -182.5 -162 Gas (Eliminated) -

Ethane (C2H6) -182.8 -88.5 Gas (Eliminated) -

Ethene (C2H4) -169 -104 Gas (Eliminated) -

Acetylene (C2H2) -82.2 -75 Gas (Eliminated) -

Propane (C3H8) -87.7 -42 Gas (Eliminated) -

Propene (C3H6) -185 -47 Gas (Eliminated) -

Propyne (C3H4) -102.7 -23.2 Gas (Eliminated) -

Butane (n-C4H10) -138 -0.4 Gas (Eliminated) -

Isobutane (iso-C4H10) -159.6 -11.75 Gas (Eliminated) -

Pentane (n-C5H12) -129.7 36.06 Liquid Liquid

Isopentane (iso-C5H12) -159 28.2 Liquid Liquid

Benzene (C6H6) 5.6 80.08 Liquid Solid (Eliminated)

Toluene (C7H8) -94.9 110.6 Liquid Solid (Eliminated)

Hydrogen Cyanide (HCN) -14 26 Gas (Eliminated) -

Cyanoacetylene (C3HN) 5 42.5 Liquid/Gas
(Eliminated)

-

Acetonitrile (CH3CN) -44 82.1 Liquid Solid (Eliminated)

Formaldehyde (CH2O) -92 -19 Gas (Eliminated) -

Water (H2O) 0 100 Liquid Solid (Eliminated)

Carbon Dioxide -78.5 -56.6 Gas (Eliminated) -
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Methods

Equipment

The following equipment was used to set up the experimental procedure to measure vapor

pressure for n-pentane at low temperatures:

- 250 mL three-neck round-bottom flask

- Rubber Septum Stopper for the three-neck round-bottom flask

- Vernier Pressure Sensor 400

- Proster Digital Thermocouple Temperature Thermometer

- Type K Temperature Probe

- Insulated cold bath bowl

- 10 mL Syringe

- 22 gauge needle

- Clamps, holders, and tubes as seen in Figure 6

- Vacuum attachment Valve + Glass piece for fitting

- Chemicals: Pentane, Liquid Nitrogen, Ethanol

Procedure

Initial set-up

1) Prepare the experimental set up using the equipment as shown in the schematic in

Figure 5. Refer to Figure 6 as well.

- The right neck of the round-bottom flask is used for vacuum.

- The left neck is used for the pressure probe.

- The middle neck is used for the Type K thermocouple temperature probe

and the syringe for sample insertion later in the procedure.
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Figure 5: Schematic of round-bottom flask for the experimental setup.

2) After setting up the equipment as outlined in Figure 6, open the vacuum valve

(parallel) on the right neck of the round-bottom flask. Turn on the vacuum and let

it run for ~2 minutes.

3) Close the vacuum valve (perpendicular) and check whether the pressure holds

constant. If the pressure begins to increase, that means there is a leak in the

system and the equipment needs to be set up and tested again in order to ensure

proper sealing (refer to the detailed notes for procedures).

a) If the pressure remains constant, open the valve again. Record the pressure

reading and continue to the next step.

4) Prepare a cold bath in the insulated bowl using ~250-300 ml of Liquid Nitrogen

and ~20-30 ml of ethanol. Stir this for a few seconds.

a) Prepare an additional ~20 ml of ethanol in another beaker for future use.
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5) After the cold bath preparation, submerge the flask into the cold bath and observe

the temperature and pressure readings. Wait until the desired temperature is

reached (-130 ºC).

a) If the temperature begins to rise back before reaching the desired

temperature, add ~10-20 ml of ethanol to the cold bath bowl.

b) During this time, prepare 10 mL of n-pentane in a 10 mL syringe. Do not

insert this yet.

6) After the desired temperature (-130 ºC) is reached, lower the jack platform to take

the flask out from the cold bath. It should still be surrounded by the insulated ice

bowl but not directly in contact with the cold bath. Close the vacuum valve.

a) At this time, the temperature should be rising slowly. Insert the syringe in

the middle probe and push down to deliver n-pentane inside the flask.

7) Record the time, temperature, and pressure. Keep recording temperature and

pressure at one-minute intervals for about 30 mins or until at least -50 ºC is

reached.

Clean-up

1) After the completion of the experiment, turn off the vacuum (the valve was

already closed earlier).

2) Don’t try to open any of the necks. Poke a 22-gauge syringe needle in the middle

neck of the round-bottom flask to vent the system. The pressure should rise

significantly and come to a halt within a few seconds. Let the flask rest for some

time because it will be very cold.
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3) After a few minutes, the system is safe to open. Remove the vacuum valve.

Remove the pressure probe. Take out the stopper and temperature probe.

4) Drain the n-pentane into a waste container and clean the flask.

5) Let the cold bath dissipate and rinse it with water.

Detailed Notes for Procedure

Validation of Temperature Probe

The type K temperature probe was validated for its functionality by dipping it in

ice, reading the temperature of ~2 ºC. The type K temperature probe was also compared

to a Digital Thermometer from Fisher Scientific. Temperature readings were recorded

from both the thermometer and the probe in room temperature water. Both the

thermometer and the type K probe read 23.3 ºC, indicating that the type K probe was

functioning effectively.

Inserting the Temperature probe in the rubber stopper

The rubber stopper septa needs to be pierced by a needle prior to trying to squeeze

the temperature probe through it. A few holes were poked very close to each other using

a small needle, and the temperature probe was then forcefully pushed through the rubber

stopper septa. Do this independently without the flask nearby to prevent any glass

breakage.

Flush (Vacuum)

After ensuring that the seals were appropriately functioning, restricting airflow

between the round-bottom flask and the environment, the vacuum was turned on again

for ~2 minutes. The vacuum valve was in the open position.
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Testing for Seals

After the set up, prior to preparing and submerging the flask into the cold bath, an

essential test was performed to confirm that all the seals were in place and functional,

preventing any exchange of gases from the outside environment into the round-bottom

flask and vice versa. After the initial set-up, the vacuum was turned on ~2 minutes to

flush the round-bottom flask, to remove any gases that could potentially condense after

reaching low temperatures (-160 ºC). After the vacuum was turned off, the pressure

reading held without increasing for about 2 minutes - indicating there was no leakage into

the round-bottom flask. It took a while to achieve a set-up that provided a complete seal.

Refer to Troubleshooting the setup for more details on how the experimental setup

evolved to achieve the latest setup where there was no leakage.

Cold Bath Preparation

The liquid nitrogen and ethanol cold bath was prepared using ~250-300 mL liquid

nitrogen and ~20-30 mL of ethanol. Prior trial runs were done to determine the

appropriate amount of each of the involved compounds that reach the desired starting

temperature of (-130 to -160 ºC). Something to note here is that the liquid nitrogen was

difficult to measure. The amount was estimated by ensuring that enough liquid nitrogen

was poured to fill up at least half of the insulated bowl used for the cold bath.

Submersion and reaching the ideal temperature

After the cold bath was prepared, the round-bottom flask was submerged in the

bath. It took 7-14 mins to reach the desired temperature of -130 ºC. If the temperature

kept decreasing beyond -130 ºC, the platform jack was lowered so the round-bottom flask

wasn’t entirely submerged in the insulated bowl but enough to maintain the cold
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temperature. The round-bottom flask was given enough time to reach -130 ºC. On the

other hand, if the temperature didn’t reach -130 ºC and started to increase, ~10-20 mL of

ethanol was added to the insulated cold bath bowl, which lowered the temperature

further.

Sample preparation and delivery

A 10 mL syringe was used to measure 10 mL of n-pentane that was inserted into

the round-bottom flask. The initial temperature at the time of insertion was around -130

ºC. The syringe was not inserted into the middle neck prior to that because the reduced

pressure in the flask would result in an immediate delivery. It was crucial to wait to poke

the syringe in the neck until it was time for the delivery. It was double-checked that the

vacuum valve was closed off at this time. Another important detail was that the syringe

was inserted in a manner that it did not deliver the liquid n-pentane directly on to the

temperature probe, otherwise there would be fluctuations in the temperature reading.

There can be potential temperature bumps due to pentane insertion. After insertion, the

syringe should be left in there in order to prevent breaking the seal.

Measurements

The time (in minutes) was recorded after sample insertion at 1 minute intervals

along with the temperature and pressure readings for about 30 minutes or until -50 ºC was

reached.

Troubleshooting the setup

The entire set up was troubleshooted several times over the course of a few

months to build an effectively sealed system. Similar to the final setup, initially, the right

neck was used for the vacuum, the middle neck was used for the temperature probe, and
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the left neck was used for the pressure sensor. The likelihood of a leak from the vacuum

neck was very low, eliminating the possibility of leaks from the right neck. The middle

neck initially had a Type K temperature probe which consisted of copper wires that were

insulated. The left neck had a pressure probe that is usually more commonly used in

chemistry labs. The insulated copper wires might have been allowing for minor airflow

due to potential space in the insulation, so a test run was performed without the

temperature probe. The leakage was still there, indicating that the pressure probe we used

was the culprit, mainly because it was connected to other tubings and an external sensor -

allowing for more potential openings from where air could leak into the flask. To tackle

this problem, a new pressure sensor was ordered that connected directly to the neck of the

flask without having to use any additional tubings. This prevented additional openings

from where air could leak into the system. Another test was performed and the pressure

held constant after vacuuming, indicating no leakage. To prevent the insulated copper

wires from posing an issue, an alternative type K probe was used that didn’t have any

potential pockets of air. The test was performed again, and the pressure held constant

after vacuuming, indicating that there were no leaks in the system. After many tests

trying out different pieces of equipment, a setup was built that didn’t have any leaks,

allowing the experiment to proceed.

22



Results

Experimental Run 1: VP of Pentane

After several tests and refining the equipment to achieve the desired setup that

had an effective seal, the first experimental run was performed on April 13, 2022. The

equipment was set up as outlined in Figure 6. The minimum temperature reached on run

1 was -167 ºC which took about 9 minutes to achieve. This fast temperature drop could

be attributed to the use of ~40-50 mL of ethanol instead of ~20 mL for the cold bath. The

initial pressure after vacuum was 18.3 kPa which went down to ~10.1 kPa as it

approached the minimum temperature. The pressure increases as temperature increases;

however, it’s important to note that the rise in pressure was not at a rapid rate like we saw

in our test runs when leaks were present. The rise was gradual and not indicative of leaks.

The sample was inserted around -130 ºC. Solid and liquid pentane were observed to be

present in the flask. Table 2 summarizes the vapor pressure measurements from run 1

using different Temperature and Pressure units. Figure 7 shows the vapor measurements

of pentane.

The constructed graphs from the data set demonstrate the vapor pressure for

n-pentane from -163.4 ºC to -54.8 ºC. The increase in pressure as the round-bottom flask

was placed out the cold bath, was gradual, indicating that there weren’t any leaks in the

system throughout the experimental run. In the trial runs, rapid pressure increase occurred

when there was a leak. There is a slight inflection point near ~ -127 ºC from t = 8 mins to

t = 12 mins, during which the temperature increase slowed down as compared to before t

= 8 mins and after t = 12 mins. That was near the triple point/melting point temperature

of n-pentane, which is reported as -129.69 ºC (NIST). The likely explanation for a
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relatively slower temperature increase is that the heat was being absorbed by n-pentane to

go from its solid state to its liquid state.

Figure 6: Experimental Setup. A three-neck round-bottomed flask was used with the following
equipment: right-neck (pressure probe), middle neck (stopper with temperature probe, and later,

syringe for sample insertion), right neck (vacuum).
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Figure 7: Experimental Run 1 - Vapor Pressure Measurements for Pentane. The temperature in
Celsius is shown on the x-axis on top. The temperature in Kelvin is shown on the x-axis on

bottom. The error bars are assuming 5% error.

Table 2: Run 1 Vapor Pressure Measurements. Time since start indicates when the flask was taken
out of the cold bath.

Time since
start (mins) T (ºC) T (K) P (kPa) P (Pa)

1 -163.4 109.75 25.4 25400

2 -161.3 111.85 25.9 25900

3 -159.1 114.05 26.9 26900

4 -152.1 121.05 28.1 28100

5 -144.6 128.55 29.1 29100

6 -138.3 134.85 29.9 29900

7 -133.4 139.75 30.2 30200

8 -129.6 143.55 30.7 30700

9 -126.5 146.65 31.6 31600

10 -125.2 147.95 32.2 32200

11 -124.3 148.85 32.4 32400

12 -123 150.15 33 33000

13 -119.5 153.65 33.3 33300

14 -117.2 155.95 33.6 33600

15 -112.3 160.85 33.9 33900

16 -106.5 166.65 34.3 34300

17 -98.4 174.75 34.6 34600
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18 -90.7 182.45 35.2 35200

19 -86.7 186.45 35.6 35600

20 -80.7 192.45 36.1 36100

21 -76.9 196.25 36.6 36600

22 -74.7 198.45 36.8 36800

23 -71.2 201.95 37.2 37200

24 -68.3 204.85 37.7 37700

25 -65.3 207.85 38.1 38100

26 -63.5 209.65 38.5 38500

27 -61.3 211.85 38.9 38900

28 -59.8 213.35 39.2 39200

29 -56.7 216.45 39.8 39800

30 -54.8 218.35 40.2 40200

Fig. 8: Round-bottom flask at t = 10 minutes
(T = -125.2 ºC). If looked at carefully,
n-pentane is present as a solid and liquid.

Fig. 9: Round-bottom flask at t = 30 minutes
(T = -54.8 ºC). n-Pentane is present as a
liquid.

Experimental Run 2: VP of Pentane

The second run was performed on April 18, 2022. The equipment was set up

similarly to Figure 6. The minimum temperature reached on run 2 was -163 ºC which

took about 12 minutes to achieve. Compared to run 1, the temperature drop in run 2 was

more gradual. This is primarily due to the volume of ethanol used. In run 2, ~30 mL of
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ethanol was used for the cold bath. The initial pressure after vacuum was 30.3 kPa which

reduced to ~23.1 kPa after reaching the minimum temperature. After the sample insertion

of n-pentane at ~ -130 ºC, the temperature continued to lower, approaching minimum

temperature and freezing the n-pentane. As the temperature began rising, the pressure

was increasing much faster than in the previous run. Table 3 that summarizes the vapor

pressure measurements from run 2. Figure 10 shows the vapor measurements of pentane

from experimental run 2. Figure 14 shows the vapor pressure measurements from

experimental runs 1 and 2.

The constructed graphs from the data set demonstrate the vapor pressure for

n-pentane from -161.9 ºC to -40.8 ºC. The overall rise in vapor pressure as temperature

increases was very significant and rapid, indicating that there was a leak in the system.

The pressure was only slightly increasing after sample insertion; but, as temperature was

increased, the pressure increased at a much faster rate than expected or observed in run 1.

The inclusion of run 2 in the results highlights the need for further troubleshooting of the

experimental setup to obtain repeatable results.
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Figure 10: Experimental Run 2 - Vapor Pressure Measurements for Pentane. The temperature in
Celsius is shown on the x-axis on top. The temperature in Kelvin is shown on the x-axis on

bottom. The error bars are assuming 20% error.

Table 3: Run 2 Vapor Pressure Measurements. Time since start indicates when the flask was
taken out of the cold bath.

Time since
start (mins) T (ºC) T (K) P (kPa) P (Pa)

1 -161.9 111.25 32.2 32200

2 -160.1 113.05 35.7 35700

3 -156.1 117.05 45 45000

4 -149.4 123.75 50.5 50500

5 -143.3 129.85 55.7 55700

6 -133.3 139.85 62.1 62100

7 -128.1 145.05 67.2 67200

8 -124.4 148.75 72.4 72400

9 -117.7 155.45 77.7 77700

10 -104.2 168.95 82.6 82600

11 -97.4 175.75 84.4 84400

12 -83 190.15 87.4 87400

13 -74.7 198.45 89.2 89200

14 -64.2 208.95 91.3 91300

15 -56.4 216.75 93.2 93200

16 -45.3 227.85 96 96000

17 -40.8 232.35 97.2 97200

28



Fig. 11: Round-bottom flask at t = 6 minutes
(T = -133.3 ºC). n-Pentane is present mostly
as a solid.

Fig. 12: Round-bottom flask at t = 14
minutes (T = -64.2 ºC). n-Pentane is present
as a liquid.

Fig. 13: Round-bottom flask (from a trial run) at T = -128.2 ºC. This is near the triple point
temperature of n-pentane which is reported as -129.69 ºC (NIST). Here, n-pentane is present as a

solid, liquid, and potentially as gas - all at the same time.
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Figure 14: Experimental Run 1 and 2 Vapor Pressure Measurements for Pentane. The
temperature in Celsius is shown on the x-axis on top. The temperature in Kelvin is shown on the

x-axis on bottom.
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Discussion

Clausius-Clapeyron Relationship

The Clausius-Clapeyron relationship characterizes discontinuous phase transition,

allowing  for the estimation of vapor pressures at varying temperatures:

𝑙𝑛( 𝑃1
𝑃2 ) =  ∆𝐻𝑣𝑎𝑝

𝑅 ( 1
𝑇2 − 1

𝑇1 )                       (1)

where is the enthalpy of vaporization and R is the gas constant. is used∆𝐻𝑣𝑎𝑝 ∆𝐻𝑣𝑎𝑝

when characterizing the vaporization (liquid → gas). To characterize the sublimation

(solid → gas), is replaced by the enthalpy of sublimation ( ). To∆𝐻𝑣𝑎𝑝 ∆𝐻𝑠𝑢𝑏

characterize the melting (solid → liquid), is replaced by the enthalpy of fusion∆𝐻𝑣𝑎𝑝

( ).∆𝐻𝑓𝑢𝑠

The Clausius-Clapeyron equation also suggests that a plot of ln(P) vs. 1/T should

yield a straight line, the slope of which is -ΔH/R:

𝑙𝑛(𝑃) =  − ∆𝐻𝑣𝑎𝑝
𝑅 (1/𝑇) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                 (2)

Data from experimental run 1 was plotted to fit equation 2. Figure 15 was plotted using

temperature (K) and pressure (Pa) measurements in Table 2 from t = 1 mins to t = 7 mins

to determine . The slope was -88 which was multiplied by the gas constant R∆𝐻𝑓𝑢𝑠

(8.314 J/K mol) and by (-1) to calculate the enthalpy of fusion ( . for∆𝐻𝑓𝑢𝑠) ∆𝐻𝑓𝑢𝑠

pentane based on experimental run was 0.732 kJ/mol. Figure 16 was plotted using

temperature (K) and pressure (Pa) measurements in Table 2 from t = 8 mins to t = 30

mins. The slope was -90.7 which was multiplied by the gas constant R (8.314 J/K mol)

and by (-1) to calculate the enthalpy of vaporization ( ). for pentane based∆𝐻𝑣𝑎𝑝 ∆𝐻𝑣𝑎𝑝

on experimental run 1 was 0.754 kJ/mol. The enthalpy values would be greater if the
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slopes from Figures 15 and 16 were greater. The steeper slopes would be a result of sharp

vapor pressure increase over the duration for the experiment or starting with a lower

pressure in the flask. Figures 15 and 16 support the initial hypothesis that there were no

leaks in experimental run 1.

Figure 15: ln(P) vs. 1/T for experimental run 1 from t = 1 to t = 7.
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Figure 16: ln(P) vs. 1/T for experimental run 1 from t = 8 to t = 30.

Comparison with Literature

Figure 17 shows a theoretical phase diagram of pentane with the highlighted

range of temperatures (~ -160 ºC to -50 ºC) for which vapor pressure measurements were

taken as part of the experiment. Figure 18 shows another theoretical phase diagram of

pentane that was constructed using the clausius-clapeyron relationship. Both phase

diagrams are a theoretical representation; hence, our experimental measurements may not

necessarily align completely with these phase diagrams. Both theoretical phase diagrams

do appear as comparable; however, note that the temperature and pressure is reported in

different units.

The engineering toolbox phase diagram can’t be zoomed in to look at the exact

measurements from the specific temperature range (~ -160 ºC to -50 ºC). It appears that

the pressure increase over that temperature range is likely very slow and gradual,

somewhat agreeing with our run 1 observations of the gradual increase in pressure. The

overall vapor pressure numbers might not align, due to limitations of the equipment and
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our setup; however, the trend that the vapor pressure increase is gradual can be seen in

our experimental run. Run 2 had a major increase in pressure over the period of time

(attributed to a leak), not fitting with the observations from run 1 or this phase diagram.

Figure 17: Phase Diagram of Pentane (The Engineering Toolbox).

Figure 18: Theoretical Phase Diagram of Pentane (Madan et al., 2021).
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The literature has a few experimental vapor pressure measurements for pentane.

The most recent experimental measurements found for n-pentane were recorded by

Osborn and Douslin (1974). Table 4 includes their experimental measurements. Figure 19

demonstrates the vapor pressure curve based on the data set from Table 4. As seen, the

past experimental measurements only cover 260 - 345 K. The experimental

measurements from our run 1 cover ~110-210 K. Figure 20 compiles the experimental

measurements from run 1 and Osborn and Douslin’s temperature range. The results from

run 1 seem to be comparable and somewhat consistent with past experimental results,

within some margin of error. Figure 21 linearly compares experimental run 1 results with

Osborn and Douslin’s experimental results by plotting ln(P) vs. 1/T. The slope for overall

run 1 is -92.3 and for Osborn and Douslin is -852 with offsets of 11 and 17.4 respectively.

The results from experimental run 1 would fit strongly if the background vapor pressure

from the gas already in the flask (before pentane insertion) was subtracted out. Though

the results from our experiments may be relatively difficult to compare with the

theoretical counterparts, the experimental comparison is observable indicating the

experimental concept and setup is functional with the need for further refinements.

of n-pentane is reported as 8.42 kJ/mol (NIST; Messerly and Kennedy,∆𝐻𝑓𝑢𝑠

1940). Calculated from experimental run 1 data was 0.732 kJ/mol. The calculated∆𝐻𝑓𝑢𝑠

value is off by almost one order of magnitude as compared to literature.∆𝐻𝑓𝑢𝑠 ∆𝐻𝑣𝑎𝑝

of n-pentane is reported as 26.2 kJ/mol (NIST; Messerly and Kennedy, 1940). Calculated

from experimental run 1 data was 0.754 kJ/mol, which is off by about one and a∆𝐻𝑣𝑎𝑝

half orders of magnitude as compared to literature.

Table 4: Experimental n-pentane vapor pressure measurements (Osborn and Douslin, 1974; NIST)
T (K) P (Pa)
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260 12962.70864

265 16644.91656

270 21141.55968

275 26580.58234

280 33101.01389

285 40852.81926

290 49996.64814

295 60703.48933

300 73154.23819

305 87539.18569

310 104057.4383

315 122916.2786

320 144330.4754

325 168521.554

330 195717.0358

335 226149.6545

340 260056.5599

345 297678.5149

Figure 19: Experimental n-pentane vapor pressure measurements (Osborn and Douslin, 1974).
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Figure 20: Comparison of run 1 experimental measurements and Osborn and Douslin’s
experimental measurements (1974).

Figure 21: Linear comparison of run 1 experimental measurements and Osborn and Douslin’s
experimental measurements (1974).
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Experimental Design Notable Successes

The experimental design is an initial first step to bridge the gap in the

experimental vapor pressure measurements of organics at low temperatures. With the

newly developed method, there were some notable successes to highlight. One of the

challenging tasks was to achieve an effective seal which was tackled by finding the

appropriate pressure sensor. An effective seal was achieved that didn’t allow for any air

flow in or out of the round-bottom flask. In addition, the internal temperature in the

round-bottom flask successfully reached a very low temperature (-160 ºC) simply using a

cold bath with liquid nitrogen and ethanol. Lower temperatures can be reached by using a

greater volume of liquid nitrogen. In addition, the concept of cooling the flask and using

spontaneous heating (environment with room temperature) to increase the temperature

worked effectively - which increased the temperature gradually and not rapidly.
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Future Research

Limitations

The data collected from the two runs is very preliminary, making it essential to

explore future paths for this experimental setup and procedure. The data is mostly

preliminary due to the setup itself having numerous limitations: potential pressure sensor

inaccuracy, difference in initial pressure readings on different days, and sample insertion

inducing potential leakage. Vernier’s Pressure Sensor 400 was used for this experiment

that can measure absolute pressures from 0 to 400 kPa. Its robust metal fittings allow for

a tight and leak proof seal with the apparatus. However, one of its limitations is that it’s

most suitable for temperature ranges from -40 ºC to 125 ºC. The designed experiment

reaches -160 ºC in some runs, making Vernier’s pressure sensor 400 a less than ideal

choice. Though it provides the leakproof seal, the pressure measurements are probably

not as accurate, mostly impacted by the low temperature ranges that are part of the

experimental runs. This reasoning can likely address the varying pressure readings on

different experiment days as well. In run 1, the initial pressure after vacuum was 18.3 kPa

which reduced to ~10.1 kPa as approaching the minimum temperature of ~ -167 ºC.

However, in run 2, which was performed a few days later, the initial pressure after

vacuum was 30.4  kPa which reduced to ~23.1 kPa as approaching the minimum

temperature of ~ -163 ºC. During experimental run 2, there were also some pressure

fluctuations observed as the sample was inserted and delivered. Right after the insertion

of the syringe, the pressure started to rise (very slightly). This can likely be due to some

air passage during the sample insertion with a standard 10 mL syringe. There could have

been small pockets of air that may have seeped through the syringe along with the liquid

39



n-pentane, which contributed to the slight rise in pressure as it was inserted. This slight

increase was somewhat controlled since the temperature was continuing to decrease.

After reaching the minimum temperature, and the turnaround where temperature started

rising, the pressure began to increase very rapidly. This might be because after the

removal of the syringe from the middle-neck rubber septa, there could have been another

tiny space allowing for air passage.

Next steps

Overall, the procedure can be further improved and refined to use a pressure

sensor that is designed to be leak proof and for colder conditions. Alternatively, the

vernier pressure sensor 400 can have a spot heater to maintain a warmer temperature in

its machinery, allowing for proper measurements even at colder temperatures in the flask

system. Along with that, the sample insertion and delivery process needs to be revisited

and modified to address the challenges of potential leaks that can arise. Perhaps, the

syringe can be attached to a permanent valve, so it does not need to be inserted during the

experiment and can be set up prior. The current experimental setup was only designed for

organics that are liquid under room temperature conditions to make the delivery process

easier. After refining the experimental setup and procedure for organic liquids, the next

step would be to design a new sample delivery system that can deliver organic

compounds that are gaseous at room temperature. This would significantly enhance the

experimental setup by allowing for the measurements of many more organic compounds.

The upgraded experimental setup can then also be used for more measurements for not

just n-pentane, but also other organic compounds that are abundant in extraterrestrial

ocean worlds.
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